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An a n a l y s i s  of a d u s t  c loud gene ra t ion  by an exhaus t  
plume sugges ts  t h a t  the  t r a j e c t o r y  d i f f e r e n c e  between Apollo 11 
and Apollo 1 2  cannot  a lone  exp la in  t h e  b e t t e r  v i s i b i l i t y  on 
Apollo 11. The lower t r a j e c t o r y  of Apollo 11 should have 
produced more d u s t .  While u n c e r t a i n t i e s  i n  both theory  and 
d a t a  prec lude  understanding a t  t h i s  t i m e ,  t u r b u l e n t  e f f e c t s ,  
r e l a t e d  t o  s u r f a c e  roughness on a s t r i c t l y  local scale,  can 
be shown t o  be a p l a u s i b l e  cause of  d i f f e r e n c e .  A s e m i -  
q u a n t i t a t i v e  a n a l y s i s  of v i s i b i l i t y  sugges ts  t h a t  t h e  h i g h e r  
sun angle  (11') a t  t h e  Apollo 11 s i t e ,  r e l a t i v e  t o  t h a t  a t  t h e  
Apollo 1 2  s i t e  ( 5 O )  w a s  advantageous b u t  could exp la in  t h e  d i f -  
f e rence  only  i f  t h e  th ickness  of t h e  d u s t  l a y e r  genera ted  i n  
Apo l lo  11 w a s  less than  twice t h a t  i n  Apollo 1 2 .  I f  t h e  
i l l u m i n a t i o n  angle  i s  dominant, Apollo 13 (nominal sun ang le  
9.9O) should have good v i s i b i l i t y ,  comparable w i t h  Apollo 11, 
and better i f  an Apollo 1 2  descen t  i s  made. Recommendations 
f o r  f u r t h e r  s tudy  are made. 

'1 .. 
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A. Introduction 

As expected, during the terminal phase of LM descent 
in Apollo missions 11 and 12, the lunar surface was disturbed 
by the impact of the descent engine exhaust plume, and during 
the final $15 seconds moving sheets of dust totally obscured 
the astronaut's vision of surface features. Unless exclusive 
instrument landing is resorted to, the loss of ground vision 
may somewhat impair crew performance in the last moments 
before touchdown. 
problem appears, therefore, desirable, aimed at either pre- 
scribing descent maneuvers capable of alleviating ground 
obscuration, or at least predicting its onset and extent so 
as to reduce the crew's disorientation. Unfortunately, as 
will appear in the following, the theoretical basis for such 
an estimate is not firm enough, relevant physical parameters 
are too poorly known, and available empirical data are too 
ambiguous, so that no definite diagnosis of the dust problem 
is feasible at this time. Review of the evidence from the 
past two Apollo landings leads also to the recognition of 
additional factors to be taken into account for a realistic 
assessment of the dust problem. 

A rough quantitative assessment of the dust 

This evidence consists of transcripts of the real- 
time voice communications with the astronauts of Apollo 11 
and 12, ( ' ) ( * )  the sequence camera descent pictures from the 

two missions, (3) (4) the astronaut debriefings, (5) (6) and the 
post-flight trajectory analysis. ( 7 )  ( 8 )  

Cursory inspection of the records indicates that 
dust became noticeable about 50-60 seconds before touchdown 
in both missions, and that ground visibility was gradually 
impaired, until total obscuration occurred in the last $15 
seconds. Initial reports, coupled with faulty timing of the 
sequence camera pictures on Apollo 11 
that visibility was far more seriously degraded in Apollo 12 
than in Apollo 11, implying that equal rates of erosion occurred 

created the impression 
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in Apollo 12 at greater vehicle altitude than in Apollo 11. 
Later revised analysis of the LM descent profile in the two 
missions has somewhat reduced the contrast in altitude depend- 
ence of ground visibility between the two missions; but a 

noticeable difference still persists (lo’ (See Figure 1). 

In searching for potential causes of the observed 
difference, generally only two factors have been taken into 
account; namely, the possible difference in soil properties 
at the two landing sites and the distinct LM descent profiles 
in the two missions. Available evidence from lunar soil 
samples and from oral and visual records of astronaut motion 
on the surface indicate at least qualitative similarity of 
soil properties at the two sites, though significant quanti- 
tative differences in dynamic properties cannot be excluded, 
before appropriate tests are performed. At any rate, 
results of such tests are not likely to ameliorate the 
visibility problem in future missions, since the soil proper- 
ties of future landing sites become accessible only after 
landing, either through in situ testing of soil or by return 
of soil samples for later study on earth. 

The other possible alternative that the different 
descent profile caused the observed difference in visibility 
appears therefore quite attractive. (10) Choice of proper land- 
ing trajectories would in principle eliminate the worst effects 
of dust obscuration. 

It is the purpose of this note to examine this hypo- 
thesis, and in the light of the scant experimental evidence 
to assess the role of the descent trajectory as the major 
determinant of the observed difference, as well as to simul- 
taneously point to other factors that are likely to effect 
surface erosion and dust entrainment. 
turbulence, related to local surface roughness, the presence 
of boulders, etc. If these factors indeed play a major role 
in the generation of dust clouds, advance prescription for the 
amelioration of the dust problem appears to be very difficult. 

Such a factor may be 

B. A Look at the Mission Records, Related Experimental 
Results, and Theoretical Considerations 

The chief source of information on dust impairment 
of visibility during the terminal LM descent are the on-board 
sequence camera films from the two past flights. Once the 
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correct frame rate is established, inspection of the photo- 
graphs yields the time sequence of visibility degradation 
by dust. 
judgment about the exact time of onset of the consecutive 
major phases in the process, this appears to be a minor source 
of uncertainty. The major source of ambiguity lies in the 
correlation of time and vehicle height, which was obtained 
by either correlating the photo time sequence with the time 
record of altitude obtained from flight instruments - radar 
altimeters, accelerometers - or by a geometrical analysis 
of the sequence photos themselves. The time record of 
horizontal motion is also obtained by means of the former 
method. 

Although visual inspection entails some subjective 

Figure 1 and 2 present the relevant portions of the 
vertical descent profile and of the terminal horizontal motion 
in Apollo flights 11 and 12. If the dust abundance between 
the LM and the surface were only dependent on the vertical LM 
distance from the dust source at the surface, and the surface 
soil properties were the same at the two landing sites, it 
becomes evident from Figure 1 that visibility should have been 
degraded earlier in the Apollo 11 LM descent than in that of 
Apollo 12, independent of the particular choice between the 
two Apollo 11 descent profiles shown. .But the reverse occurred, 
and if one is willing to admit that the intrinsic soil properties 
at the two sites were similar, the cause of difference has to be 
sought elsewhere. 

In a discussion of the present problem by Scott (10) 
I 

the difference in the dust production between Apollo 11 and 12 
was tentatively attributed to the difference in their respec- 
tive LM trajectories. It will be shown, however, that a more 
detailed,though still semi-quantitative, application of Scott's 
model leads to the inference thabkeeping other factors constant, 
the known difference in the LM trajectories provides for 
greater surface obscuration by dust on Apollo 11 than on Apollo 
12. This is, of course, contrary to observation. 

Scott pointed out that the abundance of dust, 
generated by the exhaust plume interaction depends on the 
instantaneous local flow field of the exhaust gases as well 
as on the penetration of these gases into the surface, causing 
a delayed release of dust from the surface. Thus the observed 
dust abundance reflects not only the instantaneous intensity 
of the gas impact from the descent engine, roughly proportional 
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t o  t h e  i n v e r s e  square  d i s t a n c e ,  h ,  of t h e  engine t o  t h e  s u r f a c e ,  
b u t  i s  a t i m e  vary ing  q u a n t i t y  t h a t  depends on t h e  release of 
d u s t  by means of gas  d i f f u s e d  i n t o  t h e  s u r f a c e  from impact of 
t h e  engine exhaust  plume. The amount of d u s t  released i n  t h i s  
manner w i l l  depend on t h e  r a t io  A t / - c ,  where A t  i s  t h e  exposure 
t i m e  of t h e  s u r f a c e  t o  t h e  vehicle exhaust  plume, and T is t h e  
characteristic t i m e  c o n s t a n t  for t h e  t r a n s f e r  of momentum from 
t h e  d i f f u s i n g  gas t o  d u s t  p a r t i c l e s .  A convenient  measure for  
A t  i s  t h e  nozz le  e x i t  diameter d d iv ided  by t h e  h o r i z o n t a l  

v e l o c i t y ,  V so t h a t  t h i s  ra t io  becomes - . This  momentum 

t r a n s f e r  being a r a t e  process ,  a p l a u s i b l e  form for  t h e  observed 
e r o s i o n  ra te ,  dy/d t ,  r e s u l t i n g  f r o m  t h i s  process  i s  then:  

vH' H 

* 1 - exp C- -1 d 
d t  VH' 

where y i s  d u s t  mass released p e r  u n i t  
t h e  d u s t  is  e n t r a i n e d  i n  t h e  d e f l e c t e d  

area. Once r e l e a s e d ,  
flow of t h e  exhaus t  

plume, moving w i t h  roughly cons t an t  v e l o c i t y ,  which by orders 
of magnitude exceeds t h e  t y p i c a l  v e h i c l e  h o r i z o n t a l  v e l o c i t y .  
Consequently,  an observer  looking i n  t h e  forward d i r e c t i o n  
of a moving v e h i c l e ,  as was t h e  case i n  t h e  Apollo miss ions ,  w i l l  
pe rce ive  an amount of d u s t  p ropor t iona l  t o  t h e  ins tan taneous  
e r o s i o n  ra te ,  g iven  by Equation (1). I n  t h e  backward d i r e c t i o n ,  
t h e  s i t u a t i o n  i s  more complicated because t h e  gas  flow w i l l  
e n t r a i n  d u s t  from p a s t  impact of t h e  exhaus t  plume, if < O ( 1 ) .  

vH'I: 

I n  t h e s e  t e r m s  it i s  easy  t o  p r e d i c t  a sha rp  con- 
t r a s t  between v i s i b i l i t y  experienced by an observer on a 
v e h i c l e  hovering a t  g iven  h e i g h t  and t h a t  experienced by an  
obse rve r  on a vehicle pass ing  over t h e  same area a t  t h e  same 
h e i g h t ,  b u t  wi th  a p p r o p r i a t e  h o r i z o n t a l  v e l o c i t y .  The former 
would see a f u l l y  developed dus t  c loud [- -t i n  Eq. (l)], 

whereas t h e  amount of  d u s t  i n  t he  moving o b s e r v e r ' s  l i n e  of 
s i g h t  would be reduced by an  amount p r o p o r t i o n a l  t o  exp (-d/V,.r). 
S t r a i g h t  e x t r a p o l a t i o n  from t h i s  p a r t i c u l a r  s i t u a t i o n  seems t o  
have led t o  t h e  erroneous recogni t ion  of t h e  t r a j e c t o r y  d i f f e r e n c e  
as t h e  c h i e f  determinant  of t h e  observed v i s i b i l i t y  d i f f e r e n c e s  
between Apollo 11 and 1 2 .  

vH= 
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Before r e f u t i n g  t h e  v a l i d i t y  of t h i s  d i a g n o s i s ,  it 

Tha t  t h e  e r o s i o n  ra te  i s  n o t  a pure 
is  necessary  t o  cons ider  t h e  s a l i e n t  f e a t u r e s  of t h e  p o s t u l a t e d  
t i m e  dependent p rocess .  
f u n c t i o n  of nozz le  a l t i t u d e  can be demonstrated from t h e  
r e s u l t s  of  l a b o r a t o r y  tests on d u s t  e ros ion .  (11) I n  t h e s e  
tests,  conducted i n  a vacuum chamber, a r o c k e t  engine nozz le  
w a s  lowered towards a 4-inch deep s u r f a c e  l a y e r  of l l s o i l l ' ,  
composed of p a r t i c l e s  of a given s i z e ,  and t h e  depth of 
e r o s i o n  w a s  measured as a func t ion  of t i m e  and r a d i a l  d i s t a n c e  
from t h e  s t a g n a t i o n  p o i n t .  
both engine and s o i l  parameters were v a r i e d  t o  s tudy  t h e i r  
pa rame t r i c  e f f e c t  on s o i l  e ros ion .  

I n  t h e  cour se  of t h e  experiment ,  

I f  response of t h e  s o i l  t o  t h e  engine exhaus t  were 
i n s t a n t a n e o u s ,  and t h e  e ros ion  ra te  depended only on engine  
h e i g h t ,  t h e  e r o s i o n  rate would s t a y  c o n s t a n t  a f t e r  t e rmina t ion  
of nozz le  descent .  Unfortunately only t h e  r e s u l t s  of a f e w  
of t h e  32 tes ts  performed conta in  p e r t i n e n t  in format ion;  i n  
m o s t  tests,  e i ther  t h r u s t  w a s  c u t  off t o o  soon, o r  t h e  e n t i r e  
depth of t h e  " s o i l "  w a s  eroded b e f o r e  end of descent .  But i n  
t h o s e  c a s e s  where e r o s i o n  w a s  measured f o r  s u f f i c i e n t  l e n g t h  
of t i m e ,  t h e  end of nozz le  descent  w a s  no t  followed by a con- 
s t a n t  e ros ion  rate.  I n  s e v e r a l  i n s t a n c e s ,  t h e  s l o p e  of 
maximum depth  of erosion,y, ,changes w i t h  t i m e  i n  a manner 
compatible  wi th  an erosion r a t e  dy/dt .  

Q 1 - exp ( - t / T )  
dym 
dt 

where t is t i m e  a f t e r  end of nozzle  d e s c e n t ,  and T t h e  
c h a r a c t e r i s t i c  t i m e  of t h e  process .  T h i s  i s  t h e  c h a r a c t e r -  
i s t ic  t i m e  dependence of a r a t e  p rocess ,  which d u s t  release 
must b e ,  i f  a f f e c t e d  by  d i f f u s i o n  of exhaus t  gases  i n t o  t h e  
s u r f  ace. 

A s  f a r  as q u a n t i t a t i v e  estimates a r e  p o s s i b l e  from 
the  t es t  r e s u l t s ,  t h e  t y p i c a l  v a l u e  of T appears  t o  be on t h e  
o r d e r  of s econds , in  agreement w i t h  a rough t h e o r e t i c a l  estimate 
p resen ted  i n  Appendix A ,  r a t h e r  than  on t h e  o rde r  of hundreds 
of seconds,  t h e  va lue  quoted i n  Reference ( 1 0 ) .  But t h e  
c r u c i a l  p o i n t  has  t o  be recognized (see Appendix A) t h a t  T 
does n o t  depend s o l e l y  on t h e  i n t r i n s i c  s o i l  p r o p e r t i e s  b u t  
a l s o  on t h e  ambient gas  p re s su re  a t  t h e  s u r f a c e .  
descending w i t h  c o n s t a n t  t h r u s t ,  t h i s  means t h a t  T v a r i e s  w i th  
a l t i t u d e  h ,  and is  roughly p r o p o r t i o n a l  t o  h2, i . e . ,  

For an engine 
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where ho is  some re fe rence  he igh t .  I n  add i - ion ,  it should be noted 
t h a t  the  p r o p o r t i o n a l i t y  f a c t o r  missing i n  Eq. (1) i s  p ropor t iona l  
t o  h-2, provided t h e  vehicle he igh t  is  s u b s t a n t i a l l y  g r e a t e r  than  
t h e  dimensions of  the  nozz le  e x i t .  For a f i x e d  viewing angle ,  t h e  
d i s t a n c e  of t h e  observed region of t h e  d u s t  sheet t o  t h e  s t a g n a t i o n  
p o i n t  scales wi th  h.  
a d d i t i o n a l  f a c t o r  of  l / h  m u s t  be included.  

S ince  the  d u s t  s h e e t  expands r a d i a l l y ,  an 

6/6, "* 1 1  - exp (-d ho2/VHToh2) 1 (ho/h)3 ( 4 )  

On t h e  b a s i s  of Eq. ( 4 1 ,  and t h e  a l t i t u d e  and h o r i z o n t a l  
v e l o c i t y  t i m e  p r o f i l e s ,  Figures  1 and 2 ,  i t  i s  now p o s s i b l e  t o  con- 
s t r u c t  t i m e  p r o f i l e s  of d u s t  depth 6 .  
expected d u s t  depth  6 on Apollo 11 t o  t h a t  on Apollo 1 2  i s  shown i n  
F igure  3. Two such curves  a r e ' p r e s e n t e d ,  one fo r   TO=^ sec, t h e  
o t h e r  for  .ro=10O sec, and it i s  seen t h a t  i n  e i t h e r  case, t h e  
expected abundance f o r  Apollo 11 exceeds t h e  va lue  p red ic t ed  f o r  
Apollo 1 2 .  T h i s  d iscrepancy i s ,  of course ,  l a r g e r  f o r  t h e  l a r g e r  
va lue  of T ~ ,  f o r  i n  t h a t  case, by expanding t o  f i r s t  o r d e r ,  

T h e  ra t io  of t h e o r e t i c a l l y  

Thus, f o r  example, a t  - 2 1  sec, when h l l = 1 7  f t . ,  v11 % 3.4 f p s ,  
h12=34 f t . ,  v12 % 0.6 f p s ,  t h e  r a t i o  of expected d u s t  depth 

1116 1 2  

5 
v12 h 1 2  

5 
hll 

(5) 

I n  view of t h e  loga r i thmic  dependence o f  e x t i n c t i o n  on d u s t  depth ,  
t h e  d i f f e r e n c e  i n  v i s i b i l i t y  should then be even f a r  g r e a t e r ,  
whereas a n a l y s i s  of t h e  f l i g h t  record  i n d i c a t e s  t h a t  a t  t h i s  
p a r t i c u l a r  t i m e  i n  both missions v i s i b i l i t y  was about equal .  

The  above s imple cons ide ra t ions  demonstrate c l e a r l y  
t h a t  t h e  c o n t r a s t  i n  v i s i b i l i t y  between t h e  t w o  missions can- 
n o t  be found i n  t h e  r e p o r t e d  t r a j e c t o r y  d i f f e r e n c e ,  and t h a t ,  
i n  fac t ,  on the  b a s i s  of t h e  l a t t e r  d i f f e r e n c e  an e x t i n c t i o n  
r a t i o  would be expected t h a t  is t h e  r eve r se  of the  one t h a t  
w a s  a c t u a l l y  observed. 

C.  O t h e r  P o t e n t i a l  Causes  of V i s i b i l i t y  Con t ra s t s  

I n  t h e  simple phenomenological model presented  i n  t h e  
p reced ing  s e c t i o n ,  t h e  a c t u a l  p h y s i c a l  mechanism re spons ib l e  
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f o r  t h e  gene ra t ion  of d u s t  clouds w a s  g los sed  over .  
model d i d  n o t  l e a d  t o  t h e  des i r ed  exp lana t ion  of  t h e  observed 
facts ,  i t  i s  now necessary  t o  touch on t h e  problem of s u r f a c e  
e r o s i o n  and d u s t  entrainment .  

S ince  t h i s  

I n  f a c t ,  by inc luding  a t i m e  dependent process  i n  
t h e  a n a l y s i s ,  d i f f u s i o n  of rocket gas  i n t o  t h e  porous sub- 
s u r f a c e  l a y e r  w a s  i m p l i c i t l y  assumed as a mechanism f o r  t h e  
release of d u s t .  While the experimental  data d iscussed  i n  
Sec t ion  B provide evidence f o r  t h e  presence of t h i s  p rocess ,  
i t  does no t  appear p o s s i b l e  t o  e x p l a i n  t h e  observed d u s t  
en t ra inment  i n  terms of t h i s  process  a lone .  

Roberts I t heo ry ,  (I2) on t h e  other hand, which seeks  
t o  e x p l a i n  s u r f a c e  e r o s i o n  and d u s t  en t ra inment  by h o r i z o n t a l  
shear stress does n o t  appear t o  be a s u f f i c i e n t l y  complete 
d e s c r i p t i o n  of  the  process .  Comparison of t h e o r e t i c a l  ca lcu-  
l a t i o n s  based on t h i s  theory and exper imenta l  r e s u l t s  (11) i n d i c a t e s  
t h e  need f o r  f u r t h e r  refinements of t h e  theory .  Since the  shape 
of t h e  t h e o r e t i c a l  e r o s i o n  p r o f i l e  does n o t  agree  w i t h  t h e  expe r i -  
mental  p r o f i l e s ,  numerical  agreement be tween some of t h e  observed 
q u a n t i t i e s  appears  f o r t u i t o u s .  

I t  w i l l  be shown tha t  tu rbu lence  i s  very s e n s i t i v e  t o  
s u r f a c e  inhomogenei t ies ,  and, t h e r e f o r e ,  may o f f e r  an impor tan t  
c l u e  t o  t h e  observed v i s i b i l i t y  c o n t r a s t .  Unfortunately,  no theory  
of s u r f a c e  e r o s i o n  and d u s t  entrainment  inc lud ing  turbulence  is 
l i k e l y  t o  be developed t h a t  provides  a d e t a i l e d  q u a n t i t a t i v e  
d e s c r i p t i o n  of the phenomenon, b u t  it i s  p o s s i b l e  t o  make a f e w  
q u a l i t a t i v e  s t a t emen t s  about t h e  e f f e c t s  of turbulence  on t h e  
t w o  main phases o f  t h e  phenomenon under s tudy .  

Firs t ,  s u r f a c e  e ros ion  w i l l  be f a c i l i t a t e d  by t u r b u l e n t  
stress. Surface  protuberances,  such as boulders  o r  smaller pro- 
t r u d i n g  agglomerations of s o i l  w i l l  g ene ra t e  t u r b u l e n t  cel ls  
g i v i n g  rise t o  t u r b u l e n t  stress, p r o p o r t i o n a l  t o  R (,Y) , 

where R is the dimension of t h e  t u r b u l e n t  c e l l ,  and - t h e  v e r t i c a l  
g r a d i e n t  of h o r i z o n t a l  ve loc i ty .  Depending on t h e  magnitude of R ,  
s t r o n g  a d d i t i o n a l  sources  of momentum become, therefore, a v a i l a b l e  
f o r  t r a n s f e r  of momentum from exhaust  gas t o  s u r f a c e  d u s t  p a r t i c l e s .  

2 av 2 (13) 

av 
aY 

Secondly,  s i n c e  t h e  t o t a l  source  o f  energy i s  f i x e d  by 
t h e  engine  t h r u s t ,  then  even under t h e  assumption tha t  the r a t e  
of  s u r f a c e  e r o s i o n  i s  unchanged, t he  flow v e l o c i t y  of t h e  d e f l e c t e d  
exhaus t  plume is reduced, s ince  t h e  available k i n e t i c  energy i s  now 
sha red  between t h e  energy of t h e  s t reaming motion and t h a t  of t h e  
t u r b u l e n t  motion. The amount of d u s t  seen from t h e  vehicle i s  
p r o p o r t i o n a l  t o  the  e ros ion  rate,  as was i n d i c a t e d  i n  Sec t ion  B. 
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Then for  a given e ros ion  rate,  o r  e q u i v a l e n t l y ,  g iven  f l u x  o f  
d u s t  e n t r a i n e d  i n  t h e  gas f l o w ,  a reduced stream v e l o c i t y  r e s u l t s  
i n  a h igher  d u s t  concen t r a t ion  and h ighe r  d u s t  abundance. 

F igure  4 shows t h e  ex t r eme  s e n s i t i v i t y  of t h e  d i s t r i -  
bu t ion  of energy between s t reaming energy U, and t u r b u l e n t  
energy AU t o  even s m a l l  s u r f a c e  inhomogeneities.  ( I4) 
one may w e l l  a ccep t  a t  p r e s e n t  t h e  gene ra l  s i m i l a r i t y  of  s u r f a c e  
cond i t ions  a t  Apollo si tes 11 and 1 2 ,  t h e  s t a t i s t i c a l  character 
of t h i s  s i m i l a r i t y  has  t o  be recognized and i t  has  t o  be r e a l i z e d  
t h a t  on a s t r i c t l y  l o c a l  s c a l e ,  e f f e c t i v e  i n  t h e  gene ra t ion  of 
tu rbu lence ,  t h e  two s i tes  may d i f f e r  s i g n i f i c a n t l y .  

Though 

Whether o r  n o t  t h e  t u r b u l e n t  e f f e c t s  by themselves can  
account f o r  t h e  observed d i f f e r e n c e  i n  v i s i b i l i t y  between t h e  
t w o  mis s ions ,  t hey  should n o t  he  overlooked i n  a r ea l i s t i c  
assessment  of t h e  va r ious  p o s s i b l e  f a c t o r s  involved. 

D. E f f e c t  of I l l umina t ion  

A s  a f u r t h e r  cons ide ra t ion  of t h e  cond i t ions  e f f e c t i n g  
v i s i b i l i t y  through d u s t  t h e  sun angle  has t o  be taken i n t o  
account ,  a t  which t h e  l u n a r  s u r f a c e  i s  i l l umina ted  du r ing  a 
p a r t i c u l a r  LM descent .  L e t  Io be the  luminous f l u x  i n c i d e n t  
from the  sun ,  then i n  t h e  absence of d u s t  the  b r i g h t n e s s ,  B ,  of 
t h e  l u n a r  s u r f a c e  w i l l  be 

where JI i s  t h e  luna r  photometric func t ion  (16 1 and e i s  t h e  
e l e v a t i o n  angle  of t h e  sun above t h e  horizon.  I n  the fo l lowing  
it w i l l  be assumed t h a t  the LM i s  i n  the  phase p l ane ,  viewing 
the  l u n a r  s u r f a c e  a t  an ang le  $ = 4 5 O .  I n  t h e  presence of  a d u s t  
l a y e r  of  t h e  given th i ckness  6 and e x t i n c t i o n  c o e f f i c i e n t  E, t h e  
s u r f a c e  b r i g h t n e s s ,  B ' ,  i s  

B '  = $1, exp [-( + -) 1 s.]. s i n e  s i n $  

Using the r epor t ed  va lues  el1=1lo f o r  Apollo 11 and e12=5.10 f o r  
Apollo 1 2 ,  one o b t a i n s  f o r  the  s u r f a c e  b r i g h t n e s s  r a t i o  of t h e  
t w o  miss ions  

Bi1/Bi2  2 2 exp[[12.67 - 6 . 6 6  611/612) S12c]. 

S ince  s u r f a c e  obscura t ion  depends on t h e  loss of c o n t r a s t  between 
t h e  s u r f a c e  and the d u s t  l a y e r ,  i t  i s  of i n t e r e s t  t o  estimate t h e  
b r i g h t n e s s  of t h e  d u s t  b l anke t .  I f  t h e  l a t t e r  is  considered as 
ano the r  d i f f u s e l y  r e f l e c t i n g  surface,  i t s  observed b r i g h t n e s s  
under the  i n d i c a t e d  cond i t ions  i s  given by 
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B" a pIo s ines in4  

where p is  the normal albedo. I f  B'/B'' c h a r a c t e r i z e s  t h e  
c o n t r a s t  between s u r f a c e  and d u s t  l a y e r ,  t h e  r a t i o  of  b r i g h t n e s s  
c o n t r a s t  f o r  t h e  t w o  missions i s  then 

I &11 - 6.66 
1 2  

12 s i n e  ~ ) l l / ~ j 1 2  - - s ine l l  

- 6.66 
1 2  

For equa l  6 ,  t h e  d i f f e r e n c e  i n  the  sun angle  between Apollos 11 
and 12 provides  s u b s t a n t i a l l y  bet ter  v i s i b i l i t y  f o r  Apollo 11. 
I f ,  however, 611/612 2 2 ,  the oppos i te  i s  t r u e .  
t h e  estimate i n  F igure  3 ,  t h i s  occurs  a t  and p e r s i s t s  a f t e r  about  
25 seconds p r i o r  t o  touchdown. Our semi -quan t i t a t ive  t r e a t m e n t ,  
therefore, s t r o n g l y  sugges ts  t h a t  i l l u m i n a t i o n  i s  an impor tan t  
f a c t o r  i n  t h e  v i s i b i l i t y  problem. 

According t o  

E.  Conclusions and Recommendations 

Using a s imple phenomenological model fo r  d u s t  
gene ra t ion  dur ing  t h e  te rmina l  LM l anding  phase,  it w a s  demon- 
s t r a t e d  t h a t  t r a j e c t o r y  d i f f e r e n c e s  are u n l i k e l y  t o  account f o r  
t h e  c o n t r a s t  i n  v i s i b i l i t y  between Apollo m i s s i o n s  11 and 1 2 .  
Never the less ,  a n a l y s i s  of the t r a j e c t o r y  dependence of v i s i b i l i t y  
may provide  some g u i d e l i n e s  f o r  t e r m i n a l  landing  ope ra t ions :  an 
example i s  given i n  Appendix B. For b e t t e r  assessment of t i m e  
dependent e f f e c t s ,  however, a new series of l abora to ry  exper i -  
ments may be u s e f u l ,  measuring d i r e c t l y  the response of a 
l una r - l i ke  s o i l  t o  the exhaust  plume impact of a nozz le  
descending i n  both v e r t i c a l  and o b l i q u e ' p a t h s .  

An e f f o r t  should a l s o  be made t o  o b t a i n  an  improved 
r e c o r d  of  the  t e rmina l  LM descent  p r o f i l e  and q u a n t i t a t i v e  
v i s i b i l i t y  measurements should be made. 

I t  i s  p o s s i b l e  t h a t  a major determinant  of  v i s i b i l i t y  
c o n d i t i o n s  dur ing  LM descent  a r e  l o c a l  v a r i a t i o n s  i n  s u r f a c e  
roughness which are e f f e c t i v e  sou rces  of turbulence .  I n  t h i s  case, 
u n l e s s  very d e t a i l e d  h igh  r e s o l u t i o n  maps of t h e  p rospec t ive  
l and ing  si tes are a v a i l a b l e  p r i o r  t o  landing ,  no re l iab le  
a t t e m p t  a t  p r e d i c t i o n  of ground v i s i b i l i t y  i s  deemed p o s s i b l e .  
Study of t h e  ro le  of turbulence i n  t h e  genera t ion  and t r a n s p o r t  
of d u s t  should be pursued. A l t e r n a t i v e l y ,  it appears  t h a t  t h e  
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h ighe r  sun angle  (11' compared wi th  5.1') w a s  d e f i n i t e l y  advan- 
tageous f o r  Apollo 11. Ligh t  s c a t t e r i n g  experiments wi th  lunar -  
l i k e  d u s t  suspended over a luna r - l i ke  s u r f a c e  could  t e s t  t h i s  
theory .  P r a c t i c a l l y ,  Apollo 1 3  (nominal sun e l e v a t i o n  9 . 9 ' )  
would be expected t o  have v i s i b i l i t y  comparable w i t h  Apollo 11, 
and better i f  a t r a j e c t o r y  more l i k e  t h e  Apollo 12 descent  w e r e  
flown. n 

J. S .  Dohnanyi 

M. Liwshiez 
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APPENDIX A 

Theoretical Estimate of T 

The characteristic time 'I in E q .  (1) for the genera- 
tion of dust by the rocket exhaust plume is the momentum 
transfer time from the gas particles to the dust particles. 
From a simple kinetic consideration, T may be written as 

Md 1 
N Cv 
g 

'I = M  
9 

where Md = mass of a dust particle 

M = mass of a gas particle 

N = number density of the gas 
9 

9 
C = collision cross-section between gas and dust 

par tic le 
% 
= K d2/4 where d is the diameter of a spherical 
dust particle 

v = characteristic collision velocity, being ap- 
proximately the thermal velocity of the gas. 

In E q .  (A-1) M N is just the mass density of the gas, p ,  

which is inversely proportional to the square of the vehicle 
heiqht h. 

g g  

The value of p and v may be obtained from the LM 
(15) At h = 20 ft,3these descent engine characteristics. 

values are approximately P'L 2~10-~gm ~ m - ~ ,  V , C L  5x10 cm sec.-l 
Typical values for the dust particles may be taken as d=10 
microns, and dust mass density of 2 gm ~ m ' ~ .  With t h e  above 
values, T given by Eq. (A-1) is 

~ s O ( 1 )  sec.  
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APPENDIX B 

Comparison f Dust Entrainmen, from a Vertical 
and an Oblique Descent Trajectory 

In this Appendix, a direct comparison is presented 
of the dust entrainment from t w o  different trajectories, a 
vertical and an oblique descent, both with the same initial 
and terminal positions. 
vertical velocities so that at any time before touchdown 
they are at the same height. 
any altitude h is 

These two trajectories have the same 

The amount of dust depth at 

for the oblique trajectory, and 

ver =(I - exp[- 

for the vertical trajectory. Here Vh and Vv are the horizontal 
and vertical velocities respectively. d is the diameter of 
rocket nozzle exit, hl is an altitude for the incipience of 
dust, and r0 is the characteristic time f o r  the dust generation, 
at given vehicle height h,. 

the obscuration of view becomes serious. For this value of 
A*, h=h* may be calculated from (B-1)  and ( B - 2 ) .  We have 
taken three different values for ‘ to for this purpose. The 
following table provides the comparison of the critical 
vehicle height (and the time before touchdown) for the two 
trajectories. 
Vv = 2 fps, ho = 20 ft., hl = 100 ft., and d = 5 ft. 

W e  define a value of 6 such that when 6* = e-l 

Typical parameters are chosen to be Vh = 2.5 f p s ,  
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Oblique 
T r a j e c t o r y  

TABLE B-1 

Vert ical  
T r a j e c t o r y  

1 

Cr i t i ca l  Height h* f o r  

1 

1 0  

100 

23.6 (11.8) 28.2 ( 1 4 . 1 )  

17.4 (8.7) 26.6 (13.3) 

1 1 . 0  (5.5) 19.5 (9.75) 

I n  the above t a b l e ,  t h e  number appearing i n  the 
p a r e n t h e s i s  i n d i c a t e s  the t i m e  i n  seconds b e f o r e  touchdown. 
The above table and t h e  accompanying Figure  B1 do, of 
cour se ,  n o t  by themselves i n d i c a t e  a p r e f e r r e d  t r a j e c t o r y ,  
b u t  merely provide  a r a t i o n a l  b a s i s  for  a cho ice ,  which i s  
p r e d i c a t e d  on o p e r a t i o n a l  c r i t e r i a ,  such as minimum t i m e  
of s u r f a c e  obscura t ion  -- f a v o r i n g  t h e  ob l ique  t r a j e c t o r y  
-- o r  l o n g e s t  undis t rubed  overview o f  t h e  touchdown area 
-- f avor ing  t h e  ver t ica l  descent .  
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